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Abstract
A theoretical approach to the investigation of spin-dependent structure func-
tions in deep inelastic scattering of polarized leptons off polarized nuclei,
based on the effective meson-nucleon theory and operator product expansion
method, is proposed and applied to deuteron and 3He. The explicit forms of
the moments of the deuteron and 3He spin-dependent structure functions are
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found and numerical estimates of the influence of nuclear structure effects are
presented.
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I. INTRODUCTION
The large body of experiments on deep inelastic lepton–nucleon scattering performed in
the 70-th and 80-th, which resulted in the amazing agreement of the data with the quark-
parton model and the confirmation of the phenomenon of logarithmic violation of Bjorken
scaling, provided the basis for the foundation of Quantum Chromodynamics (QCD) as the
theory of strong interactions. However, the latest experimental results in this field seem
to display deviations from the predictions of the quark-parton model (“free QCD”) and
perturbative QCD. ( [1], [2]). In this context, it should be stressed that basic theorems
(sum rules) of QCD require the knowledge of the spin structure function (SSF) gn1 (x) of the
neutron.
This has been recently extracted by deep inelastic scattering of polarized leptons off
polarized nuclear targets, e.g. deuteron (Spin Muon Collaboration (SMC) [3]) and 3He
(E142 experiment [4]) and these data, combined with earlier data of the European Muon
Collaboration (EMC) on the proton [1], are being currently used to check the predictions of
QCD [5,6].
The Bjorken sum rule has been computed from E142 data and, using the result
∫ 1
0 g
p
1(x)dx = 0.126 ± 0.010 ± 0.015 obtained by the EMC collaboration [1], the value
1∫
0
(gp1 − gn1 ) dx = 0.148±0.022. [4] has been found, to be compared with the theoretical pre-
diction of 0.187±0.004. At the same time, the SMC Collaboration estimated for the first time
the first moment of SSF of the “isoscalar” nucleon : Mn ≡
1∫
0
gN1 dx = 0.023± 0.02± 0.015,
and combining again these data with the EMC proton data, for the Bjorken sum rule was
found to be
1∫
0
(gp1 − gn1 ) dx = 0.20± 0.05± 0.04.
New experiments are planned at DESY [7], CERN [3] and SLAC [4], also aimed at an
improved measurement of this fundamental prediction of QCD.
It is worth stressing here that, all information on the neutron SSF have been and will be
obtained by analyzing DIS off polarized nuclear targets, in particular 2H and 3He. Therefore
such an information can in principle depend upon nuclear structure effects, which however
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are considered to provide only a minor correction.
As a matter of facts, the possibility to measure the near free isoscalar nucleon structure
functions by using polarized 2H target is motivated by the fact that typical nuclear effects
in the deuteron are small and are predominantly determined by well-known spin-orbital
structure of the deuteron wave function (c.f. Ref. [8,9]). At the same time, the interest in
polarized 3He targets stems from the observation [10] that since the dominant component
of the 3He wave function is fully symmetric S wave with the two protons in a spin singlet
state, a polarized 3He can be associated to a large extent with a polarized neutron. It should
however be pointed out that the precision required by a significant check of the Bjorken Sum
Rule would demand a quantitative estimate of all possible nuclear effects. For example, in
case of 3He, the S ′ and D–wave components of the small realistic three body wave function
generate a proton contribution to the 3He polarization and asymmetry, which has to be
subtracted in order to obtain information on the neutron properties. Recently, the proton
contribution to the process ~3He(~e, e′)X has been quantitatively evaluated by full convolution
approach, where not only Fermi motion [11] but binding as well [12] were taken into account
by generalizing the usual convolution approach (see e.g. Ref. [13]), by introducing the
concept of spin dependent spectral function [14,15], and nuclear effects have been indeed
found to be small. Relativistic light cone calculations have been performed in Ref. [16]
using the spin dependent spectral function of Ref. [15]; the obtained results practically do
not differ from the non relativistic ones obtained in Ref. [14].
The underlying reason for the applicability of the convolution model is the existence of
two typical momentum scales in deep inelastic processes, which leads to the factorization of
the amplitude of the reaction into two pieces, depending respectively on the “large” external
momentum, i.e. the structure function of the nucleon, and the “low” typical momenta of
nucleons in the nucleus, i.e. the momentum distribution of the nucleons [17]. A rigorous
method to analyze such a factorization is based upon the Wilson operator product expansion
(OPE). A theoretical approach to investigate deep inelastic scattering on nuclei by using the
OPE method within the effective meson-nucleon theory with one–boson–exchange (OBE)
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interaction has been suggested in Ref. [18,19]; these calculations have been performed within
well–defined approximations, such as the leading twist approximation in the OPE and the
lowest order approximation on the meson–nucleon coupling constant. Such an approach
allows one to derive a convolution formula which includes binding effects and, at the same
time, preserves the energy–conservation sum rule [12].
In the present paper the model is extended to deep inelastic scattering of polarized leptons
off polarized nuclear targets. To this end, the set of operators, providing the basis for OPE,
is extended by considering the axial operators in terms of nucleon fields interacting with
meson fields. Using the non-relativistic reduction, an explicit form of the operators relevant
to describe polarized deep inelastic scattering are found. A particular attention is paid
to the investigation of the properties of the physical nucleon, e.g. the physical mass, the
meson cloud, the renormalization constants and the SSF’s which appear in the calculation.
The explicit expressions for moments of SSF of the lightest nuclei, the deuteron and 3He,
are found and the inverse Mellin transform reconstructs the corresponding nuclear SSF in
the form of convolution of the nucleon SSF and effective distributions of the nucleons in
a nucleus. The obtained formulae are generalized to the case of heavy nuclei and found
to be similar to those used in the conventional convolution approach [12]. As an example
of applications of the method, the SSF of the polarized deuteron and 3He are numerically
estimated and compared with recent experimental data.
The paper is organized as follows. In Section II the basic formalism is presented. The
antisymmetric part of the Compton scattering amplitude is defined in terms of the axial
twist-two operators in the OPE method and their explicit form in the non-relativistic limit
is computed. In Section III the moments of the spin-dependent structure function gN1 (x) for
the physical nucleon are evaluated in terms of the corresponding moments of bare nucleons
and meson cloud contribution. The moments and the SSF gD1 (x) and g
3He
1 (x) are calculated
in Section IV, where an extension to complex nuclei is proposed and a formal comparison
with the conventional convolution approach is illustrated. Preliminary results for A = 2
have already been presented in Ref. [20]. The results of numerical calculations are presented
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in Section V and the Conclusions in Sections VI, respectively.
II. BASIC FORMALISM
A. Kinematics and notation
The spin-dependent structure function can be determined experimentally by measuring
the asymmetry in the reaction with polarized particles
~l + ~A −→ l′ + X.
In the one-photon exchange approximation the relevant part of the cross section can be
written in terms of the antisymmetric parts of the leptonic Lµν and hadronic Wµν tensors
d2σ
dE ′dΩ
=
α2
Q4
E ′
MAE
L[µν]W
[µν], (II.1)
where [µν] are the antisymmetric indices, E and E ′ are the initial and final energies of the
lepton, Q2 ≡ −q2 is the square of four-momentum transfer, α stands for the electromagnetic
fine structure constant, and MA is the mass of the target. The leptonic tensor is obtained
from Quantum Electrodynamics and the antisymmetric part of the hadronic tensor Wµν is
expressed in terms of two independent spin structure functions G1,2
W[µν](pA, q, S) = iǫµνλσ q
λ
(
G1(q0, Q
2)Sσ + [(pA · q)Sσ − (S · q)pσA]
G2(q0, Q
2)
M2A
)
, (II.2)
where pA denotes the 4-momentum of the target, q0 stands for the time-component of the 4-
vector q (in the rest frame of the target we use the notation q0 ≡ ν) and S is the polarization
four-vector, normalized as S ·S = −1 and satisfying the relation S · pA = 0. In what follows
we will consider deep inelastic scattering off polarized targets with spin one-half (the nucleon
and 3He) and one (the deuteron), in which case the vector S may be computed in quantum
field theory as the mean value of the canonical spin operator defined by Noether’s theorem
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[21].1 We choose the quantization axis in the opposite direction to the photon momentum,
qµ = (ν, 0, 0,−|q|).
In order to measure the SSF G1 and G2 appearing in eq. (II.2), one has to consider the
difference between the cross sections corresponding to parallel and antiparallel electron and
target spins, respectively, for one has
d2σ
dE ′dΩ
(↑↑)− d
2σ
dE ′dΩ
(↑↓) = 4α
2E ′
EQ2
[
(E + E ′ cos θ)G1 −Q2G2/MA
]
, (II.3)
where θ is the electron scattering angle. In the Bjorken limit (Q2 → ∞, ν → ∞, x ≡
Q2/(2pAq) is fixed), which will be considered from now on, the functions G1,2 are predicted
to depend only upon x, yielding the “true” dimensionless spin-dependent structure functions
g1(x) = νG1(ν,Q
2) and g2(x) = ν
2G2(ν,Q
2)/MA. Defining the asymmetry A‖(x) as the ratio
A‖(x) =
d2σ/dE ′dΩ (↑↑)− d2σ/dE ′dΩ (↑↓)
d2σ/dE ′dΩ (↑↑) + d2σ/dE ′dΩ(↑↓) , (II.4)
one obtains
A‖(x) =
2xg1(x)
F2(x)
, (II.5)
where F2(x) is the usual spin-independent structure function. The asymmetry (II.5) and,
consequently, the SSF are the main objects of experimental and theoretical investigations.
Since any structure function, either spin-independent or spin-dependent, can be repre-
sented as a linear combinations of helicity amplitudes, it is instructive to perform further
analysis in the helicity basis. For a thorough analysis of helicity amplitudes in case of tar-
gets with an arbitrary spin we refer the interested reader to [22]. We define the amplitudes
AλM,λ′ M′ as
AλM,λ′ M′ = ε
µ
λ
⋆W[µν](S)ε
ν
λ′, (II.6)
1For example, its components are Sλ = (0, 0, 0, 〈σz〉) for the nucleon and Sλ =
−(i/MD)ǫλµνρEµE⋆νpρD, for the deuteron with total momentum pD and polarization 4-vector Eµ.
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where λ, λ′ andM,M′ are the spin projections of the photon and target, respectively, along
the z-axis, εµλ is the polarization vector of a helicity λ photon, ε
µ
± = ∓(0, 1,±i, 0)/
√
2, εµ0 =
(−|q|, 0, 0, ν)/√Q2 , and the other notations are self-explaining. A simple calculation
shows that the structure function g1 in the Bjorken limit is defined by the amplitudes (II.6)
A+±,+± = ∓g1 ± Q
2
ν2
g2 (II.7)
and it reads
g1 = −1
2
(A++,++ −A+−,+−) , (II.8)
Actually, the amplitudes (II.6) may contain the symmetric part too, which involves the
structure functions F1(x,Q
2) and, for spin one targets, b1(x,Q
2) [22]. In our case this part
is irrelevant, since it does not contribute to the asymmetry (II.5) and to the SSF.
The SSF, as well as the hadronic tensor W[µν], can be directly calculated, via the optical
theorem, from the imaginary part of the amplitude for forward Compton scattering of virtual
photons off hadronic targets
W[µν] =
1
2π
ImT[µν]. (II.9)
In what follows the Compton amplitude T[µν] for nuclear targets and its relation with SSF
through eqs. (II.6) and (II.8) will be obtained.
B. The Compton scattering amplitude for nuclear targets
To establish a direct connection between SSF and the amplitude T[µν] we decompose the
latter in the same form as (II.2), viz.
T[µν] = ǫµνλσq
λ i
ν
(
α1(x,Q
2)Sσ + ((pA · q)Sσ − (S · q)pσA)
) α2(x,Q2)
νMA
, (II.10)
where the Compton spin-dependent structure functions α1,2(x) are related to the Compton
helicity amplitudes
hλM,λ′M′ and the deep inelastic SSF by the following relations:
8
hλM,λ′M′ = ε
µ⋆
λ T[µν](S)ε
ν
λ′ (II.11)
α1(x) = −1
2
(h++,++ − h+−,+−); (II.12)
g1(x) =
1
2π
Im α1(x). (II.13)
Using the dispersion relation for the function α1(x) and eq. (II.13), we get the expression
for α1(x) in terms of the moments of the SSF g1
α1(x) = 4
∞∑
n=0,2,...
(
1
x
)n+1 ∫ 1
0
dy yn g1(y). (II.14)
The integral in the r.h.s. in eq. (II.14) is the n + 1 moment Mn+1(Q
2) of the SSF. We will
use eq. (II.14) to obtain the structure functions from the explicit expressions of the nuclear
Compton amplitude T[µν].
The computation of the amplitude T[µν] requires the treatment of two relatively inde-
pendent questions: i) the analysis of the properties of the time ordered product of electro-
magnetic current operators at high momentum transfer (Q2 →∞), which characterizes the
short distance physics, and ii) the determination of the vectors of the nuclear ground state
|pA 〉, which essentially characterizes the large distance physics. This is seen explicitly from
the expression of the amplitude (II.10) which is of the form
T[µν] = i
∫
d4ξ exp(iqξ)〈pAM|T (Jµ(ξ)Jν(0)) |pAM〉. (II.15)
The behavior of the T -product of the electromagnetic currents may be established in a
general form directly from eq. (II.15). In the Bjorken limit (Q2 →∞) the main contribution
in the integral (II.15) comes from small space-time intervals, ξ2 → 0. In this limit the
arguments of electromagnetic currents coincide and T-product contains singularities. A
consistent method to analyze these singularities is based on the Wilson operator product
expansion [23]. According to the OPE on the light-cone [24], the product of two arbitrary
operators A and B factorizes into two pieces when their arguments are separated by a small
space-time interval; the first piece contains singularities (the c-number coefficient functions,
or Wilson’s coefficients) and the second one appears as a set of regular local operators, which
are well-defined in field theory. Then the local operators are expanded in a series
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A(ξ)B(0) ∼∑
n
Cn(ξ
2)ξµ1 . . . ξµnO
µ1...µn
n (0). (II.16)
The operators Oµ1...µnn are defined to be symmetric and traceless in all Lorentz indices
µ1 . . . µn. The quantity n is the Lorentz spin. Another quantity, the twist, defined as
τ = dn − n (dn - is the canonical dimension of the operator On) plays an important role
in the theory of deep inelastic scattering processes. Namely, only the lowest values of τ
contribute to the matrix elements of the Compton amplitude [17]. Therefore in the leading
order of the twist (τ = 2), the r.h.s. of eq. (II.15) can be rewritten as
T[µν] = iǫµνλσq
λ
∞∑
t;n=0,2,...
Cn,t(Q
2)
(
2
Q2
)n+1
qµ1 . . . qµn〈 pAM|Oˆ{σµ1...µn}t (0)|pAM〉, (II.17)
where t tags the fundamental fields of the theory under consideration and Oˆ
{σµ1...µn}
t (0) are
the relevant twist-two operators constructed from this fields. The transformation properties
of the amplitude T[µν] restrict the Lorentz spin, (n + 1), in eq. (II.17) to take only odd
values.
It is worth emphasizing that in (II.17), due to the factorization in the OPE, the coefficient
functions Cn are related to short distance, “subhadronic”, physics (depending on the large
momentum q), whereas the matrix elements of the operators O{σµ1...µn} characterize the large
distance physics (depending on typical nuclear momenta).
In order to separate the part contributing to g1(x), it is convenient to rearrange the
symmetric Lorentz indices {σµ1 . . . µn} so as to obtain two operators, one with no definite
symmetry Oˆσ{µ1...µn}, and the other with mixed symmetry [25], viz.
Oˆ{σµ1...µn} =
(
Oˆσ{µ1...µn} +
1
n+ 1
[
n∑
i=1
Oˆµi{µ1...σµi+1...µn} − n · Oˆσ{µ1...µn}
])
. (II.18)
Then g1 gets contributions from Oˆ
σ{µ1...µn} only. The mixed symmetry operators enclosed in
the square brackets of eq. (II.18), define the twist-2 part of g2(x), the so–called Wandzura-
Wilczek contribution [25,26]. In this paper we consider the amplitude T[µν] defined by
eqs. (II.10) and (II.17) with only the first operator from eq. (II.18), that is, the part
concerning the structure function g1(x) only. The structure function g2(x) is expected to be
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very small, (in the parton model it is exactly zero), and will not be considered here (for the
investigation of nuclear effects in g2(x) see, for instance Ref. [27]).
The form (II.17) for the amplitude (II.15) near the light-cone is valid in the framework of
any renormalizable field theory [23,24]. Thus, the problem of its analysis is formulated now
as a consistent calculation of both the coefficient functions Cn,t and the matrix elements of
the twist-two operators Oσ{µ1...µn} sandwiched between nuclear ground state vectors |pA〉. So
far there does not exist a realistic field theory by which one could compute simultaneously
both pieces, since if one of them is calculated in a more or less self-consistent way, then the
other one relies on phenomenological approaches.
For example, within perturbative QCD, because of asymptotic freedom it is possible to
analyze the properties of the Wilson’s coefficients Cn,t(αs, Q
2) by computing directly, at least
in principle, the corresponding Feynman graphs up to the desired order in αs [28].
Making use of the renormalization group equations, the Q2−dependence of these co-
efficients may be established as well. However, in practical calculations of the structure
functions and comparison with experimental data one needs the matrix elements of the
operators Oˆt(0), which are related to the non-perturbative region of QCD and, hence, are
parameterized from the experimental data. Since the basis of operators in OPE, eq. (II.17),
and the Wilson coefficients are target independent, all information about the target is con-
tained in the unknown matrix elements. Therefore in the treatment of the “QCD motivated”
models of nuclear effects in deep inelastic scattering, one is forced to introduce parameters,
which neither can be computed theoretically from QCD, nor can be fixed from independent
experiments [29].
The problems related to the short and large distance are formally solved, in case of deep
inelastic scattering, within non-asymptotically free theories with spinor fields (nucleons) in-
teracting with the massive bosons (mesons) via pseudoscalar and vector couplings [30,31].
These field theoretical models with a renormalizable interaction allow a perturbative in-
vestigation of the Wilson’s coefficients and of the corresponding matrix elements, by sum-
ming the leading logarithmic corrections. These examples can be considered as an idealized
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meson-nucleon theory, since the realistic models necessarily involve phenomenological cor-
rections, such as vertex meson-nucleon form factors, effective coupling constants and meson
masses [32,33]. In realistic meson-nucleon models, the exact results of Refs. [30,31] serve as
a hint for a formal approach and further phenomenological adjustments. It is obvious that
the target independent Wilson’s coefficients are not calculable within such a theory and they
ought to be parameterized from experiments, for instance, from the experiments on deep
inelastic scattering off free nucleons.
We apply the effective meson-nucleon theory and the OPE method to deep inelastic
scattering off nuclei (c.f. Refs. [34,18,19,27]). This theory allows one to describe fairly well
the NN-interaction at relatively small energies, the nuclear bound states |pA 〉, the binding
energy and other properties of light nuclei [35]. Then, the axial twist-two operator Oσ{µ1...µn}
for the system of interacting nucleon and meson fields may be written down in the form
Oˆσ{µ1...µn}n (0) =
(
i
2
)n
× {:N¯(0)γσγ5
↔
∂µ1 . . .
↔
∂µn N(0) :}, (II.19)
where N stands for the nucleon spinor fields. Note the implicit presence of the meson degrees
of freedom, via interaction, in the definition of the operator Oˆσ{µ1...µn}n (0). In order to obtain
the explicit expressions of the operator (II.19) and calculate its matrix elements, we need
the Hamiltonian of the system. In order to achieve self-consistency, this Hamiltonian has
to provide simultaneously the equation of motion for the interacting fields and the target
ground state:
N˙ = i [H,N ] , (II.20)
H |pA〉 = MA|pA〉. (II.21)
Equation (II.21) for the nuclear ground state has been solved within the non-relativistic
limit using effective Hamiltonians containing π, σ, ω, ρ, η and δ mesons (one-boson-exchange
(OBE) approximation) [32,35]. Consequently, the operators (II.19) are also to be calculated
within the non-relativistic limit. The strategy of our calculation is therefore as follows: i)
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we choose the appropriate covariant Lagrangian, giving the classical equation of motion
for interacting meson and nucleon fields; ii) these equations are reduced non-relativistically
and the effective non-relativistic Hamiltonian is obtained; iii) using the same procedure of
non-relativistic reduction, we compute the explicit form of the operators (II.19).
The procedure of non-relativistic reduction of classical equations of motion for the inter-
acting meson and nucleon fields has been established in a number of papers and could be
found in details, for instance, in Refs. [36,37].
Below we perform explicitly the calculations with pseudoscalar-isovector coupling, the
pion-nucleon interaction. The result is generalized to the case of other kinds of couplings.
Introducing the isospin formalism we redefine the Wilson’s coefficients in eq.(II.17) as a
diagonal (2 × 2) matrix in the isospin space with the proton and neutron coefficients on
the main diagonal,
(
Cˆn
)
αβ
= Cn,αδαβ , α, β = 1, 2, and use them into the definition of the
operators (II.19).
The contribution of the operators Oˆσ{µ1...µn} (II.19) to the Compton helicity amplitude
then becomes
h+M,+M = −
∞∑
n=0,2,...
(
2ν
Q2
)n+1
〈O+n 〉A,
〈O+n 〉A =
(
i
2
)n
〈pAM| :N¯(0)Cˆn(Q2) γ+γ5
↔
∂−
n
N(0) : |pAM〉, (II.22)
where γ+ = γ0 + γz and ∂− = ∂0 − ∂z.
We perform the non-relativistic transition of the fields N(0), following the method de-
scribed in Refs. [36,37], and, using the equation of motion (II.21), we compute their n-th
∂− derivatives. The resulting operators, being composed from interacting nucleon fields,
explicitly involve the meson degrees of freedom. Skipping some rather cumbersome details
of calculations we write below the explicit non-relativistic form of the operators O+n as a
sum of operators up to second order of growth coupling constant gπ, up to g
2
π:
Oλn = O
λ
N,n +O
λ
Nπ,n +O
λ
N N,n, (II.23)
OλN,n = m
n
∫
dp1dp2
(2π)6
N
(1)
n (p1,p2)
[
Σλ(p1,p2)
]
s1 s2
a+(p1, s1) Cˆn a(p2, s2), (II.24)
OλNπ,n = m
n igπ
2m
∫
dp1dp2
(2π)9
dk√
2ω(k)
(
N
(−)
n (k) b
+
j (k)− N (+)n (k) bj(k)
)
×
[
Σλ(p1,p2)σ · k
]
s1 s2
a+(p1, s1)Cˆn τ
j a(p2, s2) + h.c., (II.25)
OλNN,n = −mn
gπ
2
4m2
∫ dp1dp2dp
(2π)12
dk
2ω(k)
[
Σλ(p1,p2)σ · k
]
s1 s2
(
N˜
(−)
n (k) + N˜
(+)
n (−k)
)
[σ · k]s3 s4 : a+(p1, s1)Cˆnτ j a(p2, s2)a+(p, s3) τj a(p+ k, s4) : +h.c. (II.26)
where m is the mass parameter of the Lagrangian, the mass of bare nucleons, τj are the
isospin matrices, a±(p, s) are creation and annihilation operators of a bare nucleon, proton
or neutron, with spin s and momentum p, b±j (k) create or annihilate the j-th pion with
momentum k; ω =
√
m2π + k
2, (mπ is the pion mass),
[
Σλ
]
s1 s2
= χ+s1 Σ
λ χs2; χs is the
Pauli spinor and the operator Σ is the non-relativistic analogue of the four-vector spin
operator for the spin-1
2
particles
Σλ(p1,p2) =


1
2m
σ · (p1 + p2) , λ = 0
σλ
(
1− p12+p22
8m2
)
+
+ 1
4m2
(
σ · p1 pλ2 + σ · p2 pλ1 − p1 · p2 σλ − i[p1 × p2]λ
)
, λ = x, y, z
(II.27)
The functions N in in eqs. (II.24)-(II.26) depend only upon momenta and are of the form
N
(1)
n (p1,p2) =
(
1 +
p1
2 + p2
2
4m2
+
p1z + p2z
2m
)n
, (II.28)
N
(±)
n (k) = ±
1
ω+(k)
([
1± ω+(k)
2m
]n
− 1
)
, (II.29)
N˜
(±)
n (k) =
1
ω(k)
N
(±)
n (k)∓
1
ω(k)
ω+(k)
k2z
([
1± kz
2m
]n
− 1
)
, (II.30)
where ω+ ≡ ω + kz. The operators (II.24)-(II.26) are the basic result of non-relativistic
OPE method within the OBE approximation. Their matrix elements will determine the
polarized deep inelastic scattering of leptons on those nuclear targets, e.g. the two and three
nucleon systems, which are well described within the effective meson-nucleon theory with
OBE potential.
Note that our method is based upon perturbation theory within the effective meson-
nucleon theory. Since the effective meson-nucleon coupling constants are large, it
14
can be argued whether a perturbation expansion can be applied at all. We simply follow
here the customary use of perturbation theory in the effective meson-nucleon theory [32,33],
justified by the success of OBE model. The price one has to pay in such an approach is the
use of some phenomenological ingredients. For example, since the nuclear forces are strongly
repulsive at small distances, the physics at such distances is mocked up by a short-range
repulsive core, which is handled partly by introducing meson-nucleon vertex formfactors.
Thus, in the calculation of the corresponding matrix elements the uncertainties of the nuclear
force at very short distances are insignificant. Analogously the short distance contributions
to the nucleon and nuclear structure functions are hidden into the Wilson’s coefficients,
which are the new “effective constants” in the effective meson-nucleon theory [18,19,27,34].
From the QCD point of view this situation corresponds to the picture when hadrons,
viewed as a core of valence quarks surrounded by a sea quark-antiquark pairs and gluons,
are approximated by a core of bare nucleons with a correlated color neutral quark-antiquark
pairs, the meson cloud. In OPE such a picture means that much of detailed dynamics
of the quarks is embedded in the coefficient functions Cn(Q
2), the influence of the meson
cloud is rather included into the matrix elements of the operators Oσ{µ1...µn}. In case of the
effective meson-nucleon theory a preliminary investigation of the twist behavior of eq. (II.17)
is hindered by the fact that all the renormalization effects are included into the effective
constants of the theory (coupling constants, meson masses, vertex formfactors etc.), so that
the renormalization group equations are here, in a sense, inapplicable. The use of the
twist-two as a leading term in eq. (II.17) is to be regarded as an assumption and it should
be verified “a posteriori”, by looking at the quality of the final results and, possibly, by
investigating the higher twist corrections.
III. MOMENTS OF THE NUCLEON STRUCTURE FUNCTIONS
As mentioned above, the non-relativistic expressions for the operators (II.24)-(II.26) and
the Compton amplitude (II.22) involve, in particular, the bare (unknown) parameters, i.e.
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the mass parameter from the Lagrangian of the theory and the Wilson’s coefficients Cn(Q
2)
which are not calculable within our approach. Whereas the mass parameter may be fixed by
introducing into the Lagrangian a corresponding counterterm, the coefficients Cn(Q
2) are to
be related with the SSF of the physical nucleons. Therefore we first investigate the ground
state and the SSF of the physical nucleons.
A. Nucleon ground state
For the investigation of the nuclear ground states in the effective meson-nucleon theory it
is convenient to use the Tamm-Dancoff method. For a physical nucleon with an isospin index
α, momentum q and a given z-projection of the spin s, the Tamm-Dancoff decomposition is
given by
|N〉q, α,s =
√
1− ZNϕ0|N¯〉q, α,s + ϕ1|N¯π〉q, α,s + . . . , (III.1)
where ZN is the normalization constant defined by the condition 〈N |N〉 = 1 and |N¯〉 and
|N¯π〉 represent the basis vectors of the states with one bare nucleon, and with one bare
nucleon and one meson, respectively. The coefficients ϕi in the expansion (III.1) are the
operators in the momentum space and define the corresponding wave functions
ϕ0|N¯〉q, α,s = a+α (q, s)|0〉, (III.2)
ϕ1|N¯π〉q, α,s =
∫
dkdp
(2π)6
ϕα
′,s′, j
1s, α (p,k,q)a
+
α′(p, s
′)b+j (k)|0〉. (III.3)
The explicit expressions for the wave functions ϕ1 is found from the condition that the
|N〉 is the state of the physical nucleon , which means that it obeys eq. (II.21) with the
physical nucleon mass2 , viz
2In eq. (III.1) we keep only the first two terms. The next term, ϕ2|N¯ππ〉, in spite of being
proportional to g2π, does not contribute to the nucleon SSF, as it can be seen from eqs. (II.24)-
(III.3).
16
ϕα
′ ,s′, j
1M, α (p,k,q) = − (2π)3δ(3) (p+ k− q)
igπ
2mN
[σ · k]s′ M
ω(k)
√
2ω(k)
[
τ j
]
α′ α
. (III.4)
In particular, as it can be seen from (III.4), in the non-relativistic approximation there is
no interaction between the nucleon and the pion with the angular orbital momentum l 6= 1.
Finally one can find the mass counterterm δm and the renormalization constant ZN that
are of the form
δm = − g
2
π
4m2
∫
dk
(2π)3
3k2
2ω2(k)
, ZN =
g2π
4m2
∫
dk
(2π)3
3k2
2ω3(k)
. (III.5)
B. The matrix elements
Now we are in the position to compute the matrix elements of the operators (II.24) and
(II.25) with nucleon ground state vectors (III.1). The operator (II.26) is of two-body origin,
hence it does not contribute to the nucleon matrix elements.
Schematically the matrix elements for a nucleon at rest are as follows
M.E. ∼ α,sz〈N¯ |ϕ0
∑
n
O+N,nϕ0|N¯〉α,sz (1− ZN) (IA + renorm.) (III.6)
+ α,sz〈N¯, π|ϕ1
∑
n
O+N,nϕ1|N¯, π〉α,sz (recoil) (III.7)
+ α,sz〈N¯, π|ϕ1
∑
n
O+Nπ,nϕ0|N¯〉α,sz + h.c. (interaction) (III.8)
The four different matrix elements given by eqs. (III.6)-(III.8) are known, respectively, as
the impulse approximation (scattering off bare constituents), the renormalization and recoil
contributions, and the term of pure interaction origin (self energy–like correction). The
contribution of these matrix elements with given isospin to the helicity amplitude (II.22),
sandwiched between the states α, may be explicitly written in the form
− 1
2
hαα++ ,++ =
∞∑
n=0,2,...
(
1
x
)n+1 [(
Cˆn
)
αα
{(
1− δm
mN
)n
− ZN
}
(III.9)
+
(
τ j Cˆn τj
)
αα
g2π
4m2N
{∫
dk
(2π)3
2k2z − k2
ω2(k)
(
1
2ω(k)
− N (−)n (k)
)}
(III.10)
−
(
Cˆn
)
αα
g2π
4m2N
∫
dk
(2π)3
N
(+)
n (k)
3 k2
ω2(k)
]
, (III.11)
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where α = 1, 2 corresponds to the matrix elements on proton and neutron respectively.
The physical meaning of the obtained result becomes clear if eqs. (III.9)-(III.11) are
depicted in terms of Feynman diagrams. Fig. 1 represents the helicity amplitude for the
proton. It can be seen that the proton amplitude is determined not only by the protonWilson
coefficients Cn,1, but by the neutron coefficients Cn,2 as well multiplied by a factor 2 which
comes from the relation between the pion-nucleon coupling constants: gπ±N =
√
2 gπ0N .
From eqs. (II.13) and (II.14) it is easy to show that in the present approach the Wilson’s
coefficients in the OPE are proportional to the moments of SSF of the bare nucleons (proton
(p) on neutron (n))
Cn,1(2) = 2 M¯n+1(g¯
p(n)
1 ), (III.12)
with
Mn(f) ≡
1∫
0
dx xn−1f(x). (III.13)
Relations (III.9)-(III.13) determine the moments of SSF of the physical nucleons in the
effective meson-nucleon theory. Accordingly, the moments should be parameterized in order
to describe the scattering off free physical nucleons, and they should be replaced by this
parameterization whenever they appear in nuclear matrix elements. The first (n = 0)
moments of the nucleon SSF play an important role in deep inelastic scattering of polarized
particles, since they define some integral relations among the SSF, known as sum rules. As
n = 0 the interaction term in eqs. (III.10)-(III.11) vanishes (see also eqs. (II.27)-(II.29)) and
one obtains
M
p(n)
1 (g1) = M¯
p(n)
1 (1− ZN)
+
(
M¯
p(n)
1 + 2M¯
n(p)
1
)
× g
2
π
4m2N
∫
dk
(2π)3
2k2z − k2
ω2(k)
(III.14)
The second term in r.h.s. of eq. (III.14) is the contribution of recoil diagrams, which is
partially canceled by the renormalization term [38]. The remaining part is the additional
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counterterm to renormalize the composite axial operator (II.19). For n = 0 the operator
(II.19) is the spin operator for the spinor fields and its matrix element, (III.14), is the mean
value of the spin projection over polarized states of the physical nucleon. Equation (III.14)
demonstrates that the spin projection of the physical nucleon differs from the mean value
of the spin projection of the bare nucleons. This is expected, since the interaction between
the core and the meson cloud, with orbital momentum l = 1, slightly redistributes the spin
among the constituents. The total angular momentum of a meson-nucleon system, is a sum
of the orbital momentum l = 1 and the spin s = 1/2, so that both parallel and antiparallel
polarizations of the core contribute to the nucleon polarization. From the point of view of
the present approach, the orbital moment of the meson cloud affects the spin distribution
of bare nucleons inside a polarized physical nucleon. The effects of the meson cloud on
unpolarized deep inelastic scattering on nucleon have been investigated in refs. [39,40] and
are known as the Sullivan processes.
Another interesting consequence of the eq. (III.14) may be derived by analyzing the
difference between the first moments of SSF of the proton and neutron, the Bjorken sum
rule. In this case one finds that the Bjorken sum rule on free nucleons may be computed by
considering the bare constituents and the meson cloud corrections
∫ (
gp1(x,Q
2) − gn1 (x,Q2)
)
dx ≡ Mp1(Q2)−Mn1 (Q2) =
=
(
M¯
p
1(Q
2)− M¯n1(Q2)
)
×
(
1− g
2
π
3m2N
∫
dk
(2π)3
k2
ω3(k)
)
, (III.15)
where the r.h.s. of eq. (III.15) is the BSR for bare nucleons corrected by the interaction with
the meson cloud. Explicit numerical estimates of the role of the meson cloud in polarized
deep inelastic scattering processes on nucleons is ambiguous and requires a proper investi-
gation. In fact one needs a consistent procedure for the regularization of integrals appearing
in eq. (III.15) and for the inclusion of the vertex form factor into the meson-nucleon vertex.
Also, some assumptions about the properties of the bare nucleon core are necessary. The
role of the orbital momentum of the virtual pions in determining the spin of the nucleon has
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to be investigated as well. These problems are beyond the goal of the present paper and
will be considered elsewhere.
IV. NUCLEAR MATRIX ELEMENTS
In the previous section we explained in details the basic formalism and apply it to the
physical nucleons. The basic idea of the calculations of nuclear matrix elements remains the
same: once the non-relativistic expressions for the axial operators have been established in
terms of nucleon and meson fields, the vectors of nuclear ground states are to be defined in
the same manner, i.e., making use of the same non-relativistic Hamiltonian which has been
used to derive eqs. (II.24)-(III.3). In what follows we keep the terms up to the second order
in the meson-nucleon coupling constant g, which corresponds to the usual approximations
in nuclear physics in deriving the potential and Schro¨dinger equation, g2-approximation. In
this sense the present approach pretends to be self-consistent. The condition of a consistency
is that the Hamiltonian, with OBE interaction, should indeed describe the real nucleus. We
choose the realistic OBE potentials, such as the Bonn [35] or Reid [41] ones, which give a
good description of light nuclei.
Below the explicit expressions for the moments of the 2H and 3He SSF’s, are derived.
A. The deuteron
The vectors of the deuteron ground state in the Tamm-Dancoff approximation are given
by a relation similar to eq. (III.1); viz
ϕ0 |N¯N¯ >= ϕs1s20 (p1,p2) (2π)3δ(p1 + p2) a+α (p1, s1)
ǫαβ√
2
a+β (p2, s2) |0 > (IV.1)
ϕ1 |N¯N¯π >=
ϕs1s2αβj1 (p1,p2,k) (2π)
3δ(p1 + p2 + k) a
+
α (p1, s1)a
+
β (p2, s2)b
+
j (k) |0 > , (IV.2)
where ǫαβ is the Levi-Civita tensor which describes the isospin function of the deuteron and
the nucleon spins s1, s2 and orbital momentum in ϕ
s1s2
0 (p1,p2) are summed to the total
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angular momentum J = 1. The quantum numbers α, β and j are combined so as to give the
total deuteron isospin T = 0. The physical meaning of the coefficient ϕ0 can be understood
by projecting the bare deuteron state onto the state with two nucleons located at points
r1, r2 in co-ordinate space
< r1, r2|ϕ0N¯1N¯2 >
=
∫
dk1dk2
(2π)6
eik1r1+ik2r2(2π)3δ(p1 + p2)ϕ
s1s2
0 (p1,p2)χs˜1χs˜2ηα˜ηβ˜
ǫαβ√
2
× 〈 0|aα˜(k1, s˜1)aβ˜(k2, s˜2)a+α (p1, s1)a+β (p2, s2)|0 〉, (IV.3)
It is clear from eq. (IV.3) that ϕ0(p,p) with spin, χs, and isospin, ηα, functions is
the conventional deuteron wave function in the momentum space, obeying the Schro¨dinger
equation with OBE potential [36]. In what follows a more conventional notation for ϕ0 will
be adopted, viz. ϕ0(p,p) ≡ ΨDM(p). For the function ϕ1 we have
ϕs1s2α β,j1 (p1,p2,k) = −(2π)3δ(3) (p1 + p2 + k)
igπ
2mN
1
ω(k)
√
2ω(k)
×
{
ϕs1s0 (p1,p1)
ǫαα
′
2
[σ · k]s s2
[
τ j
]
α′β
− (1↔ 2)
}
. (IV.4)
The renormalization constant for the deuteron state contains the nucleon contribution
(III.5) and the exchange part, ZD = 2ZN + Z˜D, where
Z˜D = −
∫
dpdk
(2π)6
Ψ+DM (p)
Vπ(k)
ω(k)
ΨDM(p+ k). (IV.5)
We proceed now with an analysis of the moments of the deuteron SSF. To begin with,
let us define the isoscalar nucleon SSF, gN1 (x) ≡ (gp1(x) + gn1 (x))/2. Then the n-th moment
of the deuteron solely depends on Mn(g
N
1 ). Using eqs. (III.9)-(III.11) we get
Mn+1(g
N
1 ) = M¯n+1(g
N¯
1 )
{
1− g
2
π
4m2N
∫ dk
(2π)3
3
ω2(k)
(
N
(+)
n (k) k
2 + N (−)n (k)
(
2k2z − k2
))}
+ M¯n+1(g
N¯
1 )
{
−ZN + g
2
π
4m2N
∫
dk
(2π)3
3
2ω3(k)
(
2k2z − k2
)
+ n
δm
mN
}
. (IV.6)
The moments of the deuteron SSF’s are determined by matrix elements similar to those
in eqs. (III.6)-(III.8). In the nuclear case all the operators (II.24)-(II.26) contribute to the
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corresponding matrix elements. While evaluating the matrix elements one obtains contribu-
tions corresponding to eqs. (III.6)-(III.8) computed with the deuteron wave functions (IV.1)
and (IV.2), the scattering off a bare nucleon and self-energy like corrections (see, also Fig.
2, diagrams (a)). These diagrams provide the contribution to the Fermi motion of “dressed”
nucleons. Besides, there are terms of a pure exchange origin which reflect the fact that
nucleons in the deuteron are “off-mass-shell”, and terms with renormalization and recoil
contributions.
1
2
(
MD
mN
)n
M
D
n+1(g
D
1 ) =
1
2
∑
M=±1
M M¯Nn+1
[(
1− 3
2
PD
)(
−Z˜D
2
+
Mn+1(g
N
1 )− M¯n+1(gN¯1 )
M¯n+1(gN¯1 )
)
+
∫
dp
(2π)3
N (1)n (p,p)Ψ
∗D
M (p)Σ
+
(12)(p)Ψ
D
M(p)
−
∫
dpdk
(2π)6
Ψ∗DM (p)SzVπ(k)
(
1
ω(k)
−N (3)n (k)
)
ΨDM(p+ k)
]
, (IV.7)
where S is the total spin of the nucleons, S = 1
2
(σ1 + σ2), (with its projection on to the
z-axis Sz), Vπ(k) is the one pion exchange potential, 〈Sz〉D = (1− 3/2PD), PD is the D-wave
probability in the deuteron, Σ+(12)(p) =
1
2
(Σ+1 (p,p)+Σ
+
2 (p,p)) (see eqs.(II.24))-(II.27)) and
N (3)n (k), is defined by
N (3)n (k) =
1
kz
[(
1 +
kz
2mN
)n
−
(
1− kz
2mN
)n]
. (IV.8)
The expressions in eq. (IV.7) still contain the bare moments, M¯n(g
N¯
1 ). However they may
be expressed trough the physical moments by making use of
(
1− 3
2
PD
)(
Mn+1(g
N
1 )− M¯n+1(gN¯1 )
)
= 〈Sz〉D
(
Mn+1(g
N
1 )− M¯n+1(gN¯1 )
)
≈ 〈Σ+(12) ·N (1)n (p)〉D
(
Mn+1(g
N
1 )− M¯n+1(gN¯1 )
)
. (IV.9)
In obtaining expression (IV.9), we have used that fact that
(
Mn(g
N
1 )− M¯n(gN¯1 )
)
∼ g2π; then
the moments of the deuteron, up to g2π terms, contain only well-defined quantities, viz
1
2
(
MD
mN
)n
×Mn+1(gD1 ) = Mn+1(gN1 ) ∆Z (IV.10)
+Mn+1(g
N
1 )
∫
dp
(2π)3
f
IA
D (p)
(
1 +
pz
mN
+
p2
2m2N
)n
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+Mn+1(g
N
1 )
∫ dpdk
(2π)6
f
int
D (p,k)
1
kz
[(
1 +
kz
2mN
)n
−
(
1− kz
2mN
)n]
,
where
f
IA
D (p) =
1
2
∑
M=±1
MΨ∗DM (p)
(
S · p
mN
+ Sz +
S · p
2m2N
pz
)
ΨDM(p), (IV.11)
f
int
D (p,k) =
1
4
∑
M=±1
MΨ∗DM (p) {Sz, Vπ(k)} ΨDM(p+ k), (IV.12)
where {Sz, Vπ} stands for the anticommutator of Sz and Vπ and ∆Z, which is the difference
between the renormalization and recoil contributions, has the same origin as in the case of
nucleons and reads as follows
2∆Z =
1
2
∑
M=±1
M
∫
dpdk
(2π)6
Ψ∗DM (p)
{〈Sz〉 − Sz
2ω(k)
, Vπ(k)
}
ΨDM(p+ k).
(IV.13)
Figure 2 illustrates the dressing of the moments of the deuteron. The sum of diagrams
(a) gives the impulse approximation, that is, the scattering off a physical, already dressed
nucleon. Comparing these diagrams with those in Fig. 1, it is seen that in the impulse
approximation the helicity amplitude on the deuteron is determined by the scattering am-
plitudes off free physical nucleons, which ought to be fixed from other experiments. In this
context, the present approach allows one to avoid the problem as to what amplitudes should
be associated with “off-mass-shell” nucleon in impulse approximation (see, for instance, Ref.
[42]). In our approach the binding effects are taken into account by terms which are of a pure
exchange origin (Fig. 2, diagrams (c)) which contain implicitly, via the potential Vπ(k), the
contribution of the meson degrees of freedom. The diagrams (b) are the recoil contribution
terms.
Applying the inverse Mellin transform to (IV.10) and omitting the ∆Z part, the deuteron
structure function gD1 can be obtained in the convolution form
1
2
gD1 (x) =
MD/m∫
x
dy
y
gN1
(
x
y
) (
f
IA
D (y) + f
int.
D (y)
)
, (IV.14)
where the distribution functions fIAD (y) and f
int.
D (y) are given by
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f
IA
D (y) =
∫
dp
(2π)3
f
IA
D (p) δ
(
y − 1− pz
mN
− p
2
2m2N
)
, (IV.15)
f
int.
D (y) =
∫
dpdk
(2π)6
f
int
D (p,k)
1
kz
[
δ
(
1− y + kz
2mN
)
− δ
(
1− y − kz
2mN
)]
θ(y), (IV.16)
where fIA corresponds to the impulse approximation, or Fermi motion correction, with “on-
mass-shell” nucleons, and f int accounts for the binding of the nucleon inside the deuteron.
Equations (IV.10) and (IV.14)-(IV.16) are the basic result for the determination of the
moments and the SSF’s of the deuteron within the OPE-OBE approach. It will be shown
later on that eqs. (IV.14)-(IV.16) lead, if proper assumptions are made, to the phenomeno-
logical convolution model approach used in refs. [12]. It is worth recalling here the problem
as to whether the so-called flux factor has to be considered in the convolution formula for
polarized deep inelastic scattering [13,43]. In our approach the non-relativistic flux factor
∼ (1 + pz/mN) comes automatically, as it can be seen from eq. (IV.11).
Formulae (IV.10) - (IV.16) have been obtained for the pseudoscalar isovector coupling.
In this case the deuteron wave function ΨD(p) appears to be the solution of the Schro¨dinger
equation with the one pion exchange NN -potential Vπ(k). Obviously, this wave function
and the one pion exchange potential are not yet sufficient to describe the properties of the
deuteron. To this end it is necessary to take into account other mesons contributing to the
OBE potential, viz. the σ, ω, ρ, η and δ mesons [32]. Including these mesons in our approach
leads to contributions similar to (IV.10), (IV.16), except that the wave function ΨD(p) is
replaced by the solution of the Schro¨dinger equation with the full OBE potential. The
convolution formula can be written in a more compact form by expanding the δ functions
in (IV.16) and retaining terms up to k2z/m
2
N ; one gets
1
2
gD1 (x) = g
IA
1 (x)−
d
dx
(
xgN1 (x)
)
· 〈Sz, VOBE(k)〉D
mN
(IV.17)
where
gIA1 (x) =
MD/M∫
x
dy
y
gN1
(
x
y
)
f
IA(y) , (IV.18)
and 〈SzVOBE〉D is the spin-weighted mean value of the potential of the nucleon in the
polarized deuteron.
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The second term in eq. (IV.17) is the correction to the impulse approximation due to
the binding of nucleons. It can be seen, that this contribution is small (∼ 〈 VOBE 〉/mN) and
depends on the behavior of the nucleon structure function gN1 (x) and its first derivative.
B. The 3He
In this section the Compton helicity amplitude h+M,+M pertaining to the scattering of
the virtual helicity (+) photon off the polarized (with projectionM = ±1
2
) 3He nucleus will
be presented. Using the Tamm-Dancoff decomposition for the state vector |3He〉Q=0,M and
the operators Oλt (n), the following form for the helicity amplitude can be obtained
h+M,+M = −2M3He
mN
∞∑
n=0,2,...
(
1
x
)n+1 ∫
dV3HeΨ
3He∗
M (p1,p2,p3)
{[∫
dk
(2π)3
g2π
4m2N
1
ω2
3∑
i=1{
3k2σ(i)z Cˆ
(i)
n
(
1
2ω
− N (+)n (k)
)
+
(
2kz (σ
(i) k)− k2σ(i)z
)
τ
(i)Cˆ(i)n τ
(i)
(
1
2ω
− N (−)n (k)
)}
(IV.19)
+ (1− Z3He)
3∑
i=1
N
(1)
n (pi)Σ
+
i (pi)Cˆ
(i)
n
]
Ψ
3He
M (p1,p2,p3) (IV.20)
+
∫
dk
(2π)3
∑
i < j
[
{Vπij , Szij}
(
1
ω
+ N (3)n (k)
)
+
Vπij
ω
σ(k)z Cˆ
(k)
n
]
ΨHeM (pi + k,pk,pj − k)

 (IV.21)
where Szij =
1
2
(
σ(i)z Cˆ
(i)
n + σ
(j)
z Cˆ
(j)
n
)
, dV3He ≡
3∏
i=1
dpi
(2π)6
δ(p1+p2+p3) and in eq. (IV.21) i, j
list two nucleon pairs exchanging a meson while the remaining k-th nucleon interacts with the
incoming lepton, k 6= i, j. In eq. (IV.19) the reader may easily recognize the corresponding
“dressing” part for bare nucleons, eq. (III.10) and (III.11), which being, included into eq.
(IV.20), gives the impulse approximation with the physical nucleons. The last term in eq.
(IV.21) and the term depending upon the renormalization constant Z3He in eq. (IV.20)
correspond to the recoil and renormalization contributions, similar to those obtained in the
deuteron case. The moments of the 3He SSF’s can easily be obtained by recalling eqs.
(II.14) and (III.13): the inverse Mellin transform gives the SSF in the convolution form
g
3He
1 (x) =
M3He/mN∫
x
dy
y
[
gp1
(
x
y
)
f
p
3He(y) + g
n
1
(
x
y
)
f
n
3He(y)
]
, (IV.22)
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where the effective distribution functions fp,n3He(y) of nucleons in
3He contain contribution
from the Fermi motion of “on-mass-shell” nucleons (impulse approximation) and from the
nuclear binding
f
p,n
3He(y) = f
p,n
IA (y) + f
p,n
int.(y), (IV.23)
where
f
p,n
IA (y) =
∫
dV3He n
p,n
‖ (p1,p2,p3) δ
(
y − 1− pz1
mN
− p
2
1
2m2N
)
, (IV.24)
f
p,n
int.(y) =∫
dV3Hedk
(2π)3
np,nint.(p1,p2,p3,k)
θ(y)
kz
[
δ
(
1− y + kz
2mN
)
− δ
(
1− y − kz
2mN
)]
(IV.25)
with the spin-dependent momentum distributions np,n‖ and n
p,n
int. being defined by
np,n‖ (p1,p2,p3) =
∑
M=±1/2,i
MΨ3He∗M Σ+i (pi) [(1± τ3(i))/2]Ψ
3He
M , (IV.26)
np,nint.(p1,p2,p3,k) = (IV.27)
=
∑
M=±1/2,i 6=j
MΨ3He∗M (p1,p2,p3) Vπ,ijSzij [(1± τ3(j))/2]Ψ
3He
M (pi + k,pk,pj − k).
Eq. (IV.22) can be cast in a more manageable form by expanding the δ functions as in the
case of the deuteron
g
3He
1 (x) =
M3He/mN∫
x
dy
y
[
gp1
(
x
y
)
f
p
IA(y) + g
n
1
(
x
y
)
f
n
IA(y)
]
(IV.28)
− d
dx
(xgp1(x))
2〈σpz · V pOBE〉3He
mN
− d
dx
(xgn1 (x))
〈σnz · V nOBE〉3He
mN
,
where 〈σiz · V iOBE〉3He is the spin-weighted mean value of the potential of the nucleon (
i = p, n) in the polarized 3He.
C. Generalization to heavy nuclei
Let us generalize our approach to heavy nuclei. To this end, let us first discuss the
unpolarized case. The comparison will be carried up to a given order in (p/mN)
n, namely
to n = 2.
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Guided by the results for A = 2, one can write for a generic isoscalar nucleus A [18] 3
FA2 (x) = F
IA
2 (x)− x
dFN2 (x)
dx
〈V 〉A
mN
, (IV.29)
where
F IA2 (x) =
∫
FN2
(
x
y
)
f IAA (y)dy, (IV.30)
and
f IAA (y) =
∫ (
1 +
pz
mN
)
n(p)δ
(
y −
[
1 +
p2
2mN
+
pz
mN
])
dp. (IV.31)
In Eq. (IV.29) 〈V 〉A is the mean potential energy of the nucleon interacting with the lepton;
it is linked to the nuclear mean potential energy per nucleon 〈V 〉 ≡ 〈ΨA|∑i<j vij |ΨA〉/A by
the relation 〈V 〉A = 2〈V 〉. The well known relationships between the total energy per nucleon
ǫA = EA/A, the mean nucleon kinetic energy 〈T 〉 = 〈ΨA|∑i ti|ΨA〉/A and the mean removal
energy per nucleon 〈E〉 are given by ǫA = 〈T 〉+ 〈V 〉 and 〈E〉 = 2|ǫA|+ (A− 2)〈T 〉/(A− 1).
Now we turn to the deuteron eqs. (IV.11), (IV.12) and (IV.14)–(IV.16). In the definition
of the distribution functions in impulse approximation, eq. (IV.11), it is easy to identify
the non-relativistic analogue of the nucleon spin vector Sz + (S · p)/2m2N , which may be
obtained by applying the Lorentz boost operator to the spin vector of a nucleon at rest. In
the non-relativistic limit the spin vector is the same in any reference frame. Consequently,
in the extreme non-relativistic limit it should be replaced by Sz only. Furthermore, in the
matrix element of (S · p)/mN in eq. (IV.11) only the z-components of the scalar product
(S · p) give contribution as it can be checked by direct computation. So that in this case
the distribution function f IA(p) becomes
f
IA(p) =
1
2
∑
M=±1
MΨ∗DM (p)
(
1 +
pz
mN
)
Sz Ψ
D
M(p). (IV.32)
3Note that in eq. (16) of Ref. [18] the “plus” sign in Eq. (16) should be replaced by a “minus”
sign.
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Expanding the δ-function in (IV.16) around the “on-mass-shell” y, δ(y − 1 − p2/2m2N −
pz/mN) ≈ δ(1 − y) − δ′(1 − y)(p2/2m2N + pz/mN) and substituting in eq. (IV.16) the
difference of two δ-functions by its first derivative we get
f
N/D
‖ (y) ≡ f IA(y) + f int.(y) ≈
1
2
∑
M=±1
M
∫
dp
(2π)3
Ψ∗DM (p)
(
1 +
pz
mN
)
SzΨ
D
M(p)
×
[
δ(1− y)− δ′(1− y)(p2/2m2N + pz/mN + εD/mN − 〈T 〉/mN)
]
. (IV.33)
In deriving eq. (IV.33) we used the Schro¨dinger equation to express 〈Sz, V 〉 through the
deuteron binding energy εD and the kinetic energy 〈T 〉 of nucleons. It can be easily shown
that eq. (IV.33) can be cast in the form
f
N/D
‖ (y) =
∫
dp
(2π)3
dE PD‖ (p, E)
(
1 +
pz
mN
)
δ
(
y −
[
mN −E − p2/2mN + pz
mN
])
, (IV.34)
where we have introduced the deuteron spin dependent spectral function
PD‖ (p, E) ≡ Ψ∗DM=1(p)Sz ΨDM=1(p) δ(E − |εD|) (IV.35)
giving the probability to find in the deuteron a nucleon with momentum p, removal energy
E = |εD| and spin projection Sz. In order to generalize eq. (IV.34) to a heavy nucleus,
we notice that the quantity mN − E − p2/2mN appearing in the δ function of eq. (IV.34)
is nothing but the time component of the four momentum of an off–shell nucleon in the
deuteron, viz. p0 = MD −
√
p2 +m2N ≃ mN − |εD| − p2/2mN .
Formula (IV.34) can therefore be generalized to the case of any nuclear mass number
A > 2 by substituting the “deuteron spin–dependent spectral function” PDM(p, E) with the
corresponding nuclear spin dependent spectral function [14,44]. Then eq. (IV.34) exactly
coincides with the phenomenological convolution approach used in [14,12] (see next Section).
D. Comparison with the conventional convolution approach
Using the concept of spin–dependent spectral function [14], the SSF of 3He has been
recently calculated [12] within the so called convolution approach in which the lepton is
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assumed to interact with off shell nucleons with four momentum p ≡ (p0,p), with p0 =
MA−
√
(E −mN +MA)2 + p2, where MA is the sum of the target nucleus and E =MA−1+
mN −MA+E∗A−1 is the nucleon removal energy with MA−1 being the mass of the spectator
A−1 system and E∗A−1 its intrinsic excitation energy. Since in our calculations we have used
the results of Ref. [14] it is worth comparing the two approaches from a formal point of view.
To this end, we start with the unpolarized case. Then we can use the analogous of (IV.17)
for an isoscalar nucleus in the unpolarized case and take its generalization to any value of A,
as we did in the previous section obtaining eqs. (IV.29) – (IV.31). The convolution formula
for off shell nucleons reads as follows [13]:
FA2 (x) =
∫
FA2
(
x
y
)
fA(y)dy, (IV.36)
where
fA(y) =
∫ (
p+
mN
)
P (|p|, E)δ
(
y − p
+
mN
)
dpdE , (IV.37)
with p+ = p0 + pz and P (|p|, E) being the unpolarized nucleon spectral function. It can
be seen that whereas in eq. (IV.17) the binding effect is explicitly displayed through the
mean potential energy 〈V 〉, in the conventional convolution approach the binding effects are
hidden in the definition of the light cone momentum distribution fA(y). Let us however
write down the latter in the order p2/m2N as in Eq. (IV.17). To this end, we expand the δ
function in Eq. (IV.37) around the point y −
[
1 +
p2
2mN
+
pz
mN
]
and keep only terms of the
order p2/m2N ; we get
fA(y) ≃
∫ (
1 +
pz
mN
)
n(|p|)
× δ
(
y −
[
1 +
p2
2mN
+
pz
mN
])
dp
+
〈E〉+ 〈T 〉A/(A− 1)
mN
δ′(y − 1) (IV.38)
where n(|p|) = ∫ P (|p|, E)dE and 〈E〉 = ∫ EP (|p|, E)dpdE. Placing (IV.38) in (IV.36)
and using the relationship 〈E〉 + 〈T 〉 = 2〈V 〉 we recover Eq. (IV.29). Thus we have
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demonstrated the convolution formulae arising from the OPE and the conventional treatment
of unpolarized DIS coincide up to the order p2/m2N ; likewise we have shown that at this
order the binding effect in the latter approach arises from the average potential energy of
the nucleon hit by the incoming lepton. Let us turn now to the polarized case and let us
analyze the 3He case. The conventional approach yields [12]
g
3He
1 (x) =
∑
i=n,p
∫ A
x
dy
y
gi1
(
x
y
)
Gi(y) , (IV.39)
where the light cone momentum distribution Gi(y) is given by the following expression:
Gi(y) =
∫
dE
∫
dpP i‖(p, E)δ
(
y − p0 + pz
mN
)
, (IV.40)
where E = MD +mN −M3He + ED∗ is the nucleon removal energy (ED∗ being the energy
of the spectator np pair in the continuum), p0 = M3He − [(E − mN +M3He)2 + |p|2] 12 is
the energy of a bound “off-mass-shell” nucleon, and P i‖(p, E) is the spin dependent spectral
function (cf. eqs. (9) and (16) of Ref. [12]). The integral of the spin dependent spectral
function represents the spin dependent momentum distribution
ni‖(p) =
∫
dEP i‖(p, E) . (IV.41)
By expanding the δ function in (IV.41) around y −
[
1 +
p2
2mN
+
pz
mN
]
and considering the
recoil of the two body system non relativistically (ER = p
2/4mN), and taking into account
the differences between the proton and neutron spectral functions (see [13]), it can be shown
that (IV.22) and (IV.28) are recovered.
V. RESULTS OF CALCULATIONS
A. The Deuteron
For explicit numerical calculation of the nuclear SSF, gD1 (x) and g
3He
1 (x), one needs, as
it can be seen from eqs. (IV.14) and (IV.28), a suitable parameterization of the isoscalar
nucleon SSF gN1 (x). Within the present approach this function contains all the information
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about the Wilson’s coefficients and the influence of the meson cloud on bare nucleon; more-
over, according to the main assumptions of the effective meson-nucleon theory, it includes
all the dynamic at distances shorter than the core of OBE-potential. The parameterization
of gN1 should be fixed from the experiment; in principle, there exist nowadays experimental
data of g1 both on the proton [1] and the neutron [4] structure functions, but they are not
yet fully complete, especially at very small values of x. In this interval some assumptions
about the behavior of the nucleon structure function are unavoidable. Moreover, the choice
of the isoscalar structure function gN1 (x) determines whether the Bjorken and Ellis-Jaffe
sum rules will be fulfilled or not. In this sense our results depend on the parameterization
of the nucleon SSF, however this dependence is found to be insignificant (see below). We
have chosen here two different parameterizations of the nucleon SSF, describing quite well
the EMC data on proton and satisfying the Bjorken sum rule. We use the parameterization
from Ref. [45] as a basic input in all our calculations, and in order to analyse the dependence
of the results from the chosen parameterization we use the parameterization from Ref. [46].
In our numerical calculations for the deuteron we use the wave function obtained from
the Bonn interaction, yielding PD ≈ 0.0428 [35]. Figure 3 displays the numerical estimate of
the ratio RD = g
D
1 /g
N
1 , which illustrates the effects of nuclear structure on g
D
1 . The results
presented in this figure, deserve the following comments: i) within the impulse approximation
(dotted line; eq. (IV.14) without f int), the ratio in the interval 0.2 < x < 0.7 is governed
by the destructive contributions of the D-wave admixture which generates a polarization
of the deuteron along the z-direction even if the nucleons have their spins aligned in the
direction opposite to the polarization. Thus it can be concluded that the effect of the D
wave is the most relevant nuclear contribution within the impulse approximation; ii) as for
the interaction term, according to (IV.17), the binding corrections to the deuteron SSF is
governed by 〈Sz, VOBE〉D. Let us first of all estimate the contribution due to pions; a direct
numerical computation gives
〈Sz, Vπ〉D ∼ −5MeV (V.1)
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(if model ambiguities given e.g. by different choices for the form-factors and wave functions
are considered, one gets 〈Sz, Vπ〉D ∼ −(3 ÷ 5)MeV ). It can be seen from Fig. 3 that the
effects from binding due to π mesons is similar to the one occurring in the unpolarized
case, but significantly smaller. It can also be seen that the results are not sensitive to the
parameterization of the nucleon SSF (cf. long and short dashed waves). We turn now to the
estimate of the contributions due to other mesons, although it could be anticipated that the
pions give the dominant contribution to the binding effects, since the pion contribution in the
deuteron is the most significant one [37,48]. In order to estimate the most general boson
contribution to the deuteron SSF one should, in principle, calculate the matrix elements
〈Sz, VOBE〉D for all kinds of bosons considered by the Bonn potential model. To this end
one can use the Schro¨dinger equation to get
〈Sz, VOBE〉 =
(
1− 3
2
PD
)
εD −
(
〈T 〉0 − 1
2
〈T 〉2
)
, (V.2)
where 〈T 〉0,2 are the mean values of the nucleon kinetic energy in the S− and D− waves (for
the deuteron wave function of the Bonn potential we have 〈T 〉0 ≈ 10.2 MeV and 〈T 〉2 ≈ 4.4
MeV). Taking into account Fermi-motion and the full interaction effects by eq. (V.2) results
in a EMC–like effect, as in the unpolarized case (full curve in Fig. 3). By comparing the
dotted curve (only Fermi motion) with the full one (Fermi motion plus binding), it can
be concluded that the main nuclear structure effect in the deuteron SSF comes from the
presence of the D-wave, with the binding effect remaining a rather small correction. Note
that all curves in the Fig. 3 are not shown at values of x smaller then x ≈ 0.2. The reason
is that realistic parameterizations of the nucleon SSF have nodes at small x, which lead
to “poles” in the ratio gD1 /g
N
1 simulating nuclear effects. At values of x smaller then these
poles, all curves in Fig. 3 tend to the limit
(
1− 3
2
PD
)
as x→ 0 (this is a general result for
all kinds of parameterization no more singular at the origin than 1/x).
Figures 4a and 4b display the calculations of the absolute values of the deuteron structure
function and the comparison with the SMC experimental data: a good agreement between
our results and the experimental data can be observed. The numerical estimate of the first
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moment of gD1 (x) within our approach,
∫
dxgD1 (x) ≈ 0.03, is also in an agreement with the
experimental result
∫
dxg
D(SMC)
1 (x) = 0.023± 0.02± 0.015 [3].
B. 3He
As is well known [10] the interest in polarized 3He targets stems from the fact that such
a system can be considered to a large extent as an effective polarized neutron target. As a
matter of fact, the two protons in 3He are mostly in the singlet 1S0 configuration so that
the polarization of the 3He is mainly determined by the polarization of the neutron [11,10].
For such a reason DIS experiments off polarized 3He are aimed at obtaining information on
the neutron SSF’s. However, the non vanishing proton contribution to the total polarization
and nuclear structure effects could in principle hinder the direct extraction of the neutron
SSF. We have calculated the 3He spin structure function g
3He
1 (eq. (IV.22)) using the same
approximation as in the case of 2H, i.e. by using eq. (IV.28).
The interaction term, obtained using the Schro¨dinger equation and a three–body wave
function containing S, S ′ and D waves, reads as follows
〈σpz · V pOBE〉3He = 2
(
2
3
P ′S −
2
3
PD
)
· ε3He
− 2
(
2
3
〈T 〉S′ − 2
3
〈T 〉D
)
= 2pp · ε3He − 2〈T 〉p‖ (V.3)
〈σnz · V nOBE〉3He = 2
(
PS +
1
3
PS′ − PD
)
· ε3He
− 2
(
〈T 〉S + 1
3
〈T 〉S′ − 〈T 〉D
)
= 2pn · ε3He − 2〈T 〉n‖ (V.4)
where P i‖ =
∫
ni‖(p)dp/(2π)
3, 〈T 〉i‖ =
∫
ni‖(p)p
2/2mN dp/(2π)
3 and ε3He is the mean value
of the binding energy per nucleon in 3He.
The spin-dependent momentum distributions, the effective nuclear polarizations and the
mean values of the kinetic energies have been taken from Ref. [12], where these quantities
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have been calculated from the spin-dependent spectral function obtained from the Reid Soft
Core interaction. The results are
〈σpz · V pOBE〉3He ≈ 2.4MeV, (V.5)
〈σnz · V nOBE〉3He ≈ −17.8MeV. (V.6)
In Fig. 5 the ratio R3He = g
3He
1 /g
n
1 calculated using the proton and neutron spin structure
functions from Ref. [45] and [46] is presented, whereas in Fig. 6 the SSF g
3He
1 is compared
with the free neutron SSF. It can be seen that, as in the deuteron case, the contribution
of binding effects is rather small. It should be pointed out that the results presented in
Figs. 5 and 6 can hardly be distinguished from the ones obtained within the conventional
convolution approach of Ref. [12] (eq. IV.39). According to the conclusions of Section
4.3 this means that relativistic effects (terms of order larger than p
2
m2
N
) are small, as also
demonstrated in Ref. [16]. Our results fully confirm what found in [12], namely that nuclear
structure effects in DIS of polarized electrons off polarized 3He are those due to the effective
proton and neutron polarizations generated by the S ′ and D waves of 3He wave functions,
so that the relation
g
3He
1 (x) ≈ 2pp gp1(x) + pn gn1 (x), (V.7)
pp = −0.030 and pn = 0.88 being the effective nucleon polarization, represents a reliable
approximation of eq. (IV.39) at x ≤ 0.6. The smallness of the difference between the
free neutron structure function gn1 (x) and g
3He
1 (x) is due to the smallness of the nuclear
structure effects and is largely independent of the form of the chosen parameterization for
the nucleon SSF. For instance, using the parameters from the Ref. [45], the results presented
in Fig. 5 and 6 change by 20%, i.e. by a quantity well below the experimental errors, hence,
eq. (IV.11) may be considered as a good approximation for the extraction of the neutron
SSF.
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VI. CONCLUDING REMARKS
The necessity of plausible and precise data on the neutron spin-dependent structure func-
tion is obvious. Since the information about the internal neutron structure is predominantly
obtained from nuclear data, usually from the polarized deuteron and 3He, an appropriate
nuclear model for subtracting of the effects of nuclear structure is requested.
In this paper a theoretical approach for the analysis of polarized deep inelastic scattering
off light nuclei was proposed, which allows a self consistent consideration of the role of the
Fermi motion and the meson degrees of freedom. Since our model relays on the operator
product expansion method within OBE approximation, the n−th moment of nuclear SSF
have been found as a product of two n−dependent functions. The contribution of the impulse
approximation and of the nuclear corrections to the moments have been separated in an
explicit form. As a consequence, the inverse Mellin transform yields back the nuclear SSF in a
convolution form with two distribution functions: one of them describes the electromagnetic
interaction of the lepton with an on–shell nucleon, whereas the other one describes the strong
interaction of the hit nucleon with the other nucleons of the nucleus.
A generalization of the model to the case of heavy nuclei has been proposed and the
comparison with the convolution approach based upon lepton scattering off bound off–shell
nucleons [13] was performed with the result that up to order p2/m2N the two approaches
coincide. The numerical calculations of the spin-dependent structure functions for polarized
deuteron and 3He show that the nuclear corrections are relatively small and essentially
depend on the spin-orbital structure of the corresponding nucleus, in agreement with the
finding of Refs. [14], based upon the conventional convolution approach. For the deuteron
the main effect of the nuclear structure is due to the destructive role of the orbital motion of
nucleons with L = 2 and is of the order of magnitude ∼ (1− 3/2PD). The comparison with
the SMC experimental results [3] shows a reasonable agreement of our calculations with the
data. In case of polarized 3He the main nuclear structure corrections come from the S ′−
and D-waves admixtures to the ground state wave function. Since they lead to a partial
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depolarization of the neutron inside polarized 3He and to an effective proton polarization,
g
3He
1 slightly differs from the free neutron spin-dependent structure function g
n
1 . The binding
effects in both cases are found to be small. These results agree with those obtained within
the convolution approach [14,12,9].
To sum up, we can conclude that the convolution approaches so far proposed describe
fairly well the peculiarities of polarized DIS off polarized nuclei, so that nuclear corrections
can be estimated in a reliable way. In closing, we would like to point out that our method
based upon the OPE within the effective meson nucleon theory, allows one to microscopically
understand the origin of the binding effect which is present in the convolution approach.
Moreover, since the expressions for moments have been obtained explicitly, this allows one
to estimate the influence of nuclear effects on the Bjorken sum rule via direct calculations
of the first moments.
ACKNOWLEDGMENTS
We would like to thank Drs. A. Efremov, S. Gerasimov, S. Mikhailov, E. Pace, G. Salme`
and O. Teryaev for fruitful discussions. Two of the authors (L.P.K. and A.Yu.U.) would like
to thank INFN, Sezione di Perugia, for warm hospitality and financial support.
36
REFERENCES
[1] EM Collab., J. Ashman et al., Phys. Lett. B206 (1988) 364.
[2] NM Collab., P. Amaudruz et al., Phys. Rev. Lett. 66 (1991) 2712; P. Amaudruz et al.,
Phys. Lett. B295 (1992) 159.
[3] SM Collab., B. Adeva et al., Phys. Lett. B302 (1993) 534.
[4] E142 Collab., P.L. Anthony et al., SLAC-PUB-6101/93.
[5] F.E. Close and R.G. Roberts, Phys. Lett., B316 (1993) 165.
[6] J. Ellis and M. Karliner, CERN-TH-6898/93, May 1993.
[7] K. Coulter et al., Report No. DESY/PRC 90/1.
[8] L.I. Frankfurt and M.S. Strikman, Nucl. Phys., A405 (1983) 571.
[9] L.P. Kaptari and A.Yu. Umnikov, Phys. Lett. B240 (1990) 203.
[10] J.L. Friar, B.F. Gibson, G.L. Payne, A.M. Bernstein and T.E. Chupp, Phys. Rev. C42
(1990) 2310.
[11] R.M. Woloshyn, Nucl. Phys., A495 (1985) 749.
[12] C. Ciofi degli Atti, S. Scopetta, E. Pace and G. Salme, Phys. Rev. C48 (1993) R968.
[13] C. Ciofi degli Atti and S. Liuti, Phys. Lett., B225 (1989) 215; Phys. Rev. C41 (1990)
1100; Phys. Rev. C41 (1991) R1269.
[14] C. Ciofi degli Atti, E.Pace and G.Salme, Phys. Rev. C46 (1992) R1591; Invited talk
at VI Workshop on “Perspectives in Nuclear Physics at Intermediate Energies”, ICTP,
Trieste, May 3-7,1993, (World Scientific,Singapore).
[15] R.-W. Schulze and P.U. Sauer, Phys. Rev. C48 (1993) 38.
[16] F. Coester, private communication; P. Sauer and R.-W. Schultze, private communica-
37
tion.
[17] R.L. Jaffe, In: “Relativistic Dynamics and Quark Nuclear Physics”. Eds. B.M. Jonson
and A. Picklesimer, N.Y.: Wiley (1986) 537.
[18] L.P. Kaptari, K.Yu. Kazakov and A.Yu. Umnikov, Phys. Lett. B293 (1992) 219.
[19] A.Yu. Umnikov and F.C. Khanna, Phys. Rev. C49 (1994) 2311.
[20] L.P. Kaptari, K.Yu. Kazakov, A.Yu. Umnikov, and B. Ka¨mpfer, Phys. Lett. B321
(1994) 271.
[21] N.N. Bogoliubov and D.V. Shirkov, “An introduction in the theory of quantizated
fields”, Wiley-Interscience Publication, N.Y.:Wiley (1980).
[22] P. Hoodbhoy, R.L. Jaffe and A. Manohar, Nucl. Phys. B312 (1989) 571 - 588.
[23] K.G. Wilson, Phys. Rev. 179 (1969) 1499;
W. Zimmermann, Ann. Phys. 77 (1973) 570;
C.G. Callan, D.J. Gross, Phys. Rev. D8 (1973) 4383.
[24] R.A. Brandt and G. Preparata, Nucl. Phys B27 (1971) 541.
[25] A.Manohar, in: Symmetry and Spin in the Standard Model, Proc. of Lake Louise Winter
Institute, eds. B.A. Campbell, L.G. Greeniaus, A.N. Kamal and F.C. Khanna (World
Scientific, Singapore, 1992) 1.
[26] W. Wandzura and F. Wilczek, Phys. Let. B72 (1977) 195.
[27] L. Mankiewicz and A. Scha¨fer, Phys. Lett. B274 (1992) 199.
[28] F.J. Yndurain, “Quantum Chromodynamics” (Springer-Verlag, New York, 1983).
[29] F.E. Close, R.L. Jaffe, R.G. Roberts and G.G. Ross, Phys. Rev. D31 (1985) 1004;
F.E. Close, R.G. Roberts and G.G. Ross, Nucl. Phys. B296 (1988) 582;
N.P. Zotov, V.A. Saleev, V.A. Tsarev, Sov. J. Nucl. Phys. 45 (1987) 352; JETP Lett.
38
40 (1984) 965.
[30] V.N. Gribov and L.N. Lipatov, Phys. Lett. B37 (1971)78;
V.N. Gribov and L.N. Lipatov, Sov. J. Nucl. Phys., 15 (1972) 438.
[31] N. Christ, B. Hasslasher and A.H. Mueller, Phys. Rev. D6 (1972) 3543.
[32] G.E. Brown and A.D. Jackson, The Nucleon-Nucleon Interaction (North-Holland Pub-
lishing Company, Amsterdam, 1976).
[33] G.E. Brown and W. Weise, Phys. Rep., 22C (1975) 279.
[34] B.L. Birbrair, E.M. Levin and A.G. Shuvaev, Nucl. Phys. A496 (1989) 704;
B.L. Birbrair, E.M. Levin and A.G. Shuvaev, Phys. Lett. B222 (1989) 281.
[35] R. Machleid, K. Holinde and Ch. Elster, Phys. Rep. 149 (1987) 1.
[36] M. Rosa-Clot and M. Testa, Nuovo Cimento A78 (1983) 113.
[37] L.P. Kaptari, A.I. Titov, E.L.Bratkovaskaya and A.Yu.Umnikov, Nucl. Phys., A512
(1990) 684;
L.P. Kaptari, B.L. Reznik, A.I. Titov and A.Yu. Umnikov, JETPH Letters 47 (1988)
428.
[38] M. Gari and H. Hyuga, Z.Phys. A277 (1976) 291;
M. Kirchbach and E. Truglik, Paricles and Nuclei 17 (1980) 224;
M.Chemtob, in: “Mesons in nuclei”, North-Holland, Amsterdam (1976) 555.
[39] J.D. Sullivan, Phys. Rev. D5 (1972) 1732.
[40] G.G. Arakelyan, K.G. Boreskov and A.B. Kaidalov, Sov. J. Nucl. Phys. 33 (1981) 247;
L. Frankfurt, L. Mankiewicz and M. Strikman, Z. Phys. A334 (1989) 343;
E.M. Henley and G.A. Miller, Phys. Lett. B251 (1990) 453;
W.-Y. Hwang, J. Speth and G.E. Brown, Z. Phys. A339 (1991) 383;
W. Melnitchouk and A.W. Thomas, Phys. Rev., D47 (1993) 3749.
39
[41] V.R. Reid, Ann. Phys. 50 (1968) 411.
[42] T. de Forest, Jr., Nucl. Phys., A392 (1983) 232.
[43] L. Frankfurt and M. Strikman, Phys. Lett. B254 (1987) 254.
[44] J.A. Caballero, T.W. Donelly and G.I. Poulis, Nucl. Phys., A555 (1993) 709.
[45] A. Scha¨fer, Phys. Lett. B208 (1988) 175.
[46] A.E. Dorokhov and N.I. Kochelev, Phys. Let. B304 (1993) 167.
[47] G.Altarelli, P.Nason and G. Ridolfi, Phys. Lett. B320 (1994) 152.
[48] W. Melnitchouk and A.W. Thomas, Phys. Rev., D47 (1993) 3783.
[49] A.Yu. Umnikov, F.C. Khanna and L.P. Kaptari, Preprint Alberta Thy-36-93, Edmon-
ton, Canada (to be published in Z.Phys. A).
40
FIGURES
FIG. 1. The dressing diagrams for the helicity amplitude corresponding to the forward Compton
scattering off the proton. Black dots denote the scattering off a bare nucleon and the dashed
line the pion propagator. The first diagram is the contribution of the impulse approximation
and renormalization terms, the second and diagrams represent the recoil effects and the last two
diagrams are the self-energy-like interaction terms.
FIG. 2. The helicity amplitude for the forward Compton scattering off the deuteron. The
notations are the same as in Figure 1. The first three diagrams represent the impulse approxima-
tion with physical nucleons plus renormalization effects and the remaining two diagrams are the
deuteron recoil and interaction terms, respectively.
FIG. 3. The ratio of the deuteron and the isoscalar nucleon spin-dependent structure functions
(SSF). Curve 1 : the impulse approximation; curve 2: impulse approximation plus interaction term
〈{Sz, Vπ}〉. Both curves have been computed using the parameterization of the nucleon SSF from
Ref. [45]; Curve 3: the same as in curve 2, with the parameterization of the nucleon SSF from Ref.
[46]; Curve 4: the same as in curve 2, plus the contribution from the interaction term 〈{Sz , VOBE}〉
representing the total contribution af all mesons considered in the One Boson Exchange (OBE)
interaction. The arrow indicates the value (1− 32PD) (see text).
FIG. 4. (a) The weighted deuteron spin-dependent structure function xgD1 (x); (b) the first
moment M1(g
D
1 ) =
∫mD/mN
xmin
gD1 (x)dx versus the lower limit of integration xmin. The dotted (full)
line corresponds to calculations with the parameterization of the nucleon SSF from Ref. [45] (Ref.
[46]). Experimental data from Ref. [3].
FIG. 5. The ratio of the 3He and free neutron SSF calculated within the impulse approxima-
tion (dotted) and within the impulse approximation plus the interaction term 〈{Sz, VOBE}〉 (full).
Curves 1 (2): parameterization of the nucleon SSF from Ref. [45] (Ref. [46]).
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FIG. 6. The SSF for 3He calculated using the parameterization of the neutron SSF from Ref.
[45], given by the dotted line. Dashed line: the impulse approximation; full line: the contribution
of the impulse approximation plus binding effects.
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